Keywords: Thermodynamic dataset CO 2 -water-basalt interaction Geochemical modeling CO 2 geological storage In situ CO 2 mineral sequestration A thermodynamic dataset describing 36 mineral reactions of interest for CO 2 -water-basalt interaction associated with CO 2 mineral sequestration in basaltic formations is presented. Mineral selection for the dataset is based on extensive review of natural analogs of water-basalt interaction at low and elevated CO 2 conditions. Widely used thermodynamic databases did not contain the mineral assemblage needed for successfully simulating the alteration processes observed in nature as important primary and secondary minerals were found to be missing. The EQ3/6 V7.2b database is the primary source for aqueous equilibrium constants in the developed dataset but reactions for four missing Al-hydroxy complexes were added. Recently published thermodynamic data were compiled for most of the minerals considered in this study. Mineral solubility constants obtained directly from measurements were compiled to the dataset without modification but SUPCRT was used for computing solubility constants when such data was not available. In order to verify that the presented dataset can capture alterations observed in nature, simulations of CO 2 -water-basalt interaction were carried out at low and elevated CO 2 conditions and compared to observed basalt alteration in Iceland and Greenland. Overall simulated and observed alteration are in good agreement, both at low and elevated CO 2 conditions, suggesting the dataset to be well suited for simulations of e.g. CO 2 -water-basalt interaction associated with CO 2 mineral sequestration in basalts.
Introduction
Great advances have been made in geochemical computer simulations in recent decades. The creation and compilation of thermodynamic databases, along with improved computer technology, laid the basis for this development. The databases have been used with geochemical computer codes, such as EQ3/6 (Wolery, 1983 (Wolery, , 1992 , WATCH (Arnórsson et al., 1982; Bjarnason, 1994) , SUPCRT92 (Johnson et al., 1992) , PHREEQC (Parkhurst et al., 1980; Parkhurst and Appelo, 1999) and TOUGHREACT (Xu et al., 2006 (Xu et al., , 2011 , allowing for rapid simulations of mineral solubility and solute speciation in a variety of geochemical systems. The codes differ in complexity and ease of use, but all accurately solve for the equilibrium assemblages of minerals and aqueous species, and mineral solubilities within the limits of their thermodynamic databases. The quality of the results obtained is directly related to the quality of the databases used (Oelkers et al., 2009 ).
Among currently widely used databases are the SUPCRT databases, the EQ3/6 database, the LLNL thermochemical database (Delaney and Wolery, 1989) and THERMODDEM (Blanc et al., 2009) , which specifically focuses on nuclear waste systems. The SOLTHERM database developed by Reed and Palandri (2006a) has also been substantially used in numerical simulations of hydrothermal processes. LLNL and THERMO-DDEM are both based on the EQ3/6 database, which in turn is originally based on the SUPCRT database. SOLTHERM is to a large degree based on the database of Holland and Powell (1998) and SLOP.98 (Shock et al., 1997; Plyasunova et al., 2004) , the modified SUPCRT database (Reed and Palandri, 2006b ). Many minerals and species thus have similar properties in different databases while major differences can occur for several minerals (e.g. Engi, 1992) .
Government and industry rely increasingly on the results of model calculations when addressing critical societal problems, such as nuclear waste storage and remediation of toxic waste plumes (Steefel et al., 2005; Spycher et al., 2007; Oelkers et al., 2009) . CO 2 capture and sequestration projects also use model calculations extensively in order to predict the long-term fate of sequestered CO 2 and identify potential environmental effects, as emphasized in the EU directive on geological CO 2 storage (EU, 2009 ). As quality of modeling results is e.g. directly related to the quality of the thermodynamic database used, compilation and evaluation of the databases is a necessary step in all geochemical modeling work.
Even though widely used databases often provide excellent predictions when used in numerical modeling, they commonly lack important minerals for specific modeling tasks. Furthermore, they may not contain new and/or improved data that is continuously being published. Standard databases should, therefore, be thought of as being a work in progress rather than a completed task. This paper presents a thermodynamic dataset describing 36 mineral reactions of interest for CO 2 -water-basalt interaction. Mineral selection for the dataset is based on extensive review of natural analogs of water-basalt interaction at low and elevated CO 2 conditions. Compilation of the dataset is a part of modeling activities carried out with the objective of developing multidimensional field scale reactive transport models of CO 2 mineral sequestration in Icelandic basalts (see Aradóttir, 2011; Aradóttir et al., 2011) , and references therein for more detail). TOUGHREACT is used for the model development and therefore thermodynamic data is published in TOUGHREACT-style, i.e. log K values are provided at eight different temperatures (0, 25, 60, 100, 150, 200, 250 and 300°C) . These temperature values are commonly used by other computer codes as well, e.g. the EQ3/6 code. Equilibrium constants can be incorporated in the thermodynamic databases of these codes without further modification, provided that the databases used are set up with respect to the basis set of aqueous species as used in this study.
Natural analogs of CO 2 -water-basalt interaction
Natural analogs of CO 2 -water-basalt interaction provide important insight into the alteration mineralogy associated with CO 2 mineral sequestration. Natural analogs from Iceland and Greenland were used to identify primary and secondary minerals that are likely to be involved in CO 2 geological storage in basaltic rocks. Basalt compositions can range from 100% glass to 100% crystalline (Gudbrandsson et al., 2011) . Crystalline glass consists predominantly of olivine, plagioclase and pyroxene but to a lesser degree of Fe-Ti oxides and sometimes also apatite.
Basalt weathering and alteration in low temperature (b100°C) geothermal fields in Iceland result from interaction of primary rocks with low CO 2 waters of meteoric origin (Rogers et al., 2006) . Secondary minerals commonly associated with basalt weathering by CO 2 depleted waters are amorphous or poorly crystalline hydroxides, allophane, imogolite, kaolinite and clay minerals such as Mg, Ca, and Fe rich smectites (Arnalds, 1990; Crovisier et al., 1992; Wada et al., 1992; Arnalds et al., 1995; . Alteration mineralogy in low temperature geothermal fields in Iceland has e.g. been obtained by studying alteration products of fossil systems, mainly in East Iceland (Walker, 1960; Neuhoff et al., 1999) , and from well drill cuttings (Kristmannsdóttir and Tómasson, 1978) . These studies indicate alteration products to be dominated by clay minerals and zeolites, calcite and amorphous silica, quartz and/or chalcedony. Similar studies have been carried out for the Hengill high-temperature system showing mineral assemblages formed at higher temperature Helgadóttir et al., 2010; Níelsson, 2011) . Smectites, celadonite and chlorites are the most commonly found clay minerals in association with hydrothermal basalt alteration in Iceland. Commonly found zeolites include analcime, chabazite, thomsonite, scolecite, phillipsite, mesolite, stilbite, stellerite and heulandite. Rogers et al. (2006) reported results of basalt alteration under elevated CO 2 conditions in Marraat at Nuussuaq, W-Greenland. There, alteration of basalts formed regionally extensive, silicadeficient zeolite-facies mineral assemblages that dominantly consist of mixed-layer chlorite/smectite clays, thomsonite, natrolite, gonnardite, analcime and chabazite. In the study area, faulting and fracturing allowed for petroleum migration from sediments into the overlying basalts. Migration of petroleum and the associated brine led to the pseudomorphic replacement of zeolite and clay mineral assemblages with carbonates (siderite, magnesite, dolomite and calcite) and quartz at temperature of~80-125°C. Carbonates associated with the petroleum migration are rich in Mg and Fe, reflecting the interaction of a CO 2 rich fluid with a picritic (i.e. Mg-and Fe-rich) basalt. Only late stage carbonates in Marraat are calcium rich, the result of depletion of aqueous magnesium and iron following precipitation of magnesite-siderite solid solutions. Table 1 gives a summary on secondary minerals commonly found in association with basalt alteration.
Compatibility of widely used thermodynamic databases
Mineral assemblages compiled to the EQ3/6, LLNL, THERMODDEM and SOLTHERM thermodynamic databases were reviewed with respect to the minerals needed to simulate natural alteration processes associated with CO 2 -water-basalt interaction at low and elevated CO 2 conditions. All the databases lack basaltic glass as well as the primary crystalline minerals observed in Icelandic basalts, i.e. plagioclase, pyroxene and olivine. The databases do, however, contain individual endmember minerals for the crystalline minerals but these will not provide sufficiently good description of primary basaltic rock in Iceland as the chemical compositions of plagioclase and pyroxene in particular are far from end-member compositions (see e.g. Gudbrandsson et al., 2011) .
Important secondary minerals are also missing from the databases. EQ3/6 does not contain various Ca and Na zeolite end-members, which are important for capturing observed zeolite formations in numerical simulations. Different celadonite and chlorite endmembers are missing from the LLNL database along with some important zeolites (e.g. chabazite and heulandite). THERMODDEM is missing some zeolites, hydroxides as well as important clay minerals and other silicates. The SOLTHERM database lacks many of the zeolites and hydroxides observed in natural analogs of CO 2 -water-basalt interaction.
As important minerals are missing from all the reviewed databases, none of them was found to contain the mineral assemblage necessary for successfully simulating CO 2 -water-basalt interaction at low and elevated CO 2 conditions. As a result, a database containing the required mineral assemblage was developed. Table 2 summarizes the chemical composition of the minerals considered in this study. The mineral selection is based on the natural analogs of CO 2 rich and depleted water-basalt interaction discussed above.
Minerals and species in developed dataset
Minerals are listed under the headings primary basaltic minerals and glasses, silicates, hydroxides, carbonates and zeolites. Aqueous species are listed separately. Dissolution reactions for the minerals O 2(aq) ). Selection of basis species is primarily based on the findings of , who studied dominant aqueous species in natural waters in the basaltic terrain of Iceland. All other species and minerals in the dataset, are written in terms of the basis species. The number of secondary species and minerals must be equal to the number of independent reactions. Any of the secondary species can be represented as a linear combination of the set of basis species.
Aqueous species
The EQ3/6 V7.2b database (Wolery, 1992) is the primary source for aqueous equilibrium constants used in this study. Four Alhydroxy complexes were, however, added to the dataset; AlOH . As discussed by Arnórsson (1999) , the dominant Al-hydroxy species in many natural waters is Al(OH) 4 − , which is why it was selected as a primary species.
Primary minerals and glasses
Four primary minerals and glasses are considered in this study: plagioclase, pyroxene, olivine and basaltic glass. Fe-Ti oxides (titanomagnetite and ilmenite) and apatite are also common primary minerals in Icelandic basalts. These were, however, not included in the study due to their low abundance and significantly lower reactivity as discussed in more detail in Section 9.
Basaltic glass
Basaltic glass from Stapafell, SW Iceland, was selected as a representative for the glass phase. This was done, as the Stapafell glass has been extensively studied especially with respect to dissolution kinetics (e.g. Oelkers and Gíslason, 2001; Gíslason and Oelkers, 2003 
Secondary minerals
32 secondary minerals are considered in this study. They are all known to form in basalt weathering and alteration.
Silicates
Among clay minerals, smectites, celadonite and chlorite are all commonly formed in basalt alteration in Iceland. Montmorillonite was selected as a representative for smectites and allowed to precipitate as a solid solution between Ca, K, Mg and Na end-members. Celadonite also forms solid solutions between Fe and Mg endmembers. Clinochlore and daphnite from Holland and Powell (1998) were chosen as Mg-and Fe-rich chlorite end-members in a precipitating solid solution.
Other common silicate weathering and alteration minerals in basalts considered in this study include allophane, imogolite, kaolinite, antigorite, amorphous silica, moganite and quartz. Moganite is a silicate mineral with the chemical formula SiO 2 that was initially described by Flörke et al. (1976) . Moganite is considered a polymorph of quartz: it has the same chemical composition as quartz, but a different crystal structure. A growing body of evidence reveals that much of the silica that crystallizes at the Earth's surface is a finely intergrown mixture of quartz and moganite. Chalcedony, for example is made up of both moganite and quartz (Gíslason et al., 1997) .
Hydroxides
The hydroxides considered in the study are amorphous Al hydroxide and Fe(II) and Fe(III) hydroxide.
Carbonates
Carbonates considered in the current study include calcite, dolomite, magnesite and siderite. The selection is based on carbonates commonly associated with basalt weathering and low temperature (b100°C) thermal alteration, along with field observations from Marraat, a basalt hosted petroleum reservoir in Nuussuaq, West Greenland. Calcite is the only carbonate that is commonly found associated with basalt weathering and low temperature alteration in Iceland but three types of carbonates are found at Marraat: magnesite-siderite solid solutions, dolomite with minor solid solutions of ankerite and near stoichiometric calcite (Rogers et al., a Four Al-hydroxy complexes were added to the EQ3/6 database, which is the primary source of equilibrium constants for aqueous species in this study.
28 E.S.P. Aradóttir et al. / Chemical Geology 304-305 (2012) 26-38 2006). Siderite and magnesite are allowed to precipitate as a solid solution, as observed in Marraat.
Zeolites
Zeolites are among the most common products of chemical interaction between groundwater and the Earth's crust during diagenesis and low-grade metamorphism . Zeolites considered here include analcime, chabazite, heulandite, laumontite, mesolite, natrolite, stellerite and stilbite. Chabazite and heulandite form solid solutions between Ca-and Na-end-members. Stilbite and stellerite can also precipitate as a solid solution.
Thermodynamic relations
The key to performing geochemical solubility and speciation calculations stems from the laws of thermodynamics, stating that each system attempts to attain the state of lowest free energy. In most systems of geologic interest, the property to be minimized is the Gibbs free energy. The apparent standard molal Gibbs free energy (ΔG 0 T;P ) of formation of minerals at temperature T and pressure P can be written as (e.g. Helgeson et al., 1978) :
where ΔG 0 f denotes the standard Gibbs free energy of formation of the mineral in question from its elements in its stable phase at the reference pressure (P r = 1 bar) and temperature (T r = 298.15 K). S T r , Pr 0 is the standard molar entropy of minerals gases and aqueous species at T r and P r , C P 0 is the isobaric standard molar heat capacity at temperature T and V 0 is the standard molar isobaric volume.
The standard molar entropy (S T, P 0 ) at a given temperature and pressure is given by (Helgeson et al., 1978) :
Various relations describing the temperature variation of isobaric heat capacities of minerals have been developed. The simplest, widely used equation is most likely the Maier-Kelley power function (Kelley, 1960) :
where a, b and c are empirical fitting coefficients that are unique to the specified mineral from T r to T. Eq. (3) was e.g. widely used by Helgeson et al. (1978) in the creation of their mineral thermodynamic database. Other power functions describing isobaric heat capacities for minerals have e.g. been developed by Haas and Fisher (1976) and Berman and Brown (1985) . According to Helgeson et al. (1978) , the most reliable method to obtain internally consistent thermodynamic data is through the regression of experimentally measured equilibrium pressure and temperature for a series of equilibria among minerals and/or a coexisting fluid phase. To perform these regressions, Helgeson et al. (1978) assumed that entropy and heat capacity was known through Eqs. (2) and (3), respectively. By assuming mineral volumes to be independent of temperature and pressure, i.e.:
integration of Eq. (1) yields:
SUPCRT92 (Johnson et al., 1992 ) is a software package that applies the method of Helgeson et al. (1978) for calculating the standard molal thermodynamic properties of minerals, gases, aqueous species, and reactions from 1 to 5000 bar and 0 to 1000°C. SUPCRT92 was used in the current study for calculating equilibrium solubility constants for minerals when measured values could not be directly incorporated to the dataset.
Methods
Sections 6.1 and 6.2 give detailed information on the methods used for computing equilibrium constants for the dissociation reactions of individual minerals and aqueous species given in Table 3 . Recently published thermodynamic data was compiled for most of the minerals considered in this study. Generally, log K values of minerals obtained directly from solubility measurements were incorporated to the dataset without modification. In a few cases equilibrium constants were taken from the EQ3/6 database but SUPCRT92 (Johnson et al., 1992) and the SLOP.98 modified SUPCRT database (Shock et al., 1997; Plyasunova et al., 2004) was used for computing log K values for other minerals. Attempts were made to maintain as much consistency as possible within the developed dataset as described in detail in following subsections.
In accord with the conventions adopted by Johnson et al. (1992) , the standard state for pure minerals and liquids in this study is unit activity of the pure solid or liquid at any temperature and pressure. The standard state for aqueous species is unit activity of the species in a hypothetical one molal solution referenced to infinite dilution at any temperature and pressure. The gas standard state corresponds to unit fugacity at 1 bar and any temperature.
Aqueous species
Arnórsson and Andrésdóttir (1999) described the temperature dependence of the dissociation of Al-hydroxy complexes in aqueous solution by the following equations: 
where K 1 to K 4 represent equilibrium constants for stepwise dissociation of Al(OH) n 3 − n . The equations are valid in the range 0-350°C at 1 bar below 100°C and at vapor saturation pressures at higher temperature and were used for computing log K values for the reactions involving Al-hydroxy complexes in Table 3 .
Primary basaltic minerals and glasses
Basaltic glass composition was taken from Oelkers and Gíslason (2001) . TiO 2 and P 2 O 5 , which make up 1.564 and 0.195 wt.% of the total glass composition, respectively, were ignored. This was done because titanium and phosphorus are not included in the system being modeled. Ferric iron (Fe 2 O 3 ) was stoichiometrically replaced with ferrous iron (FeO) as using both oxidation states as primary species can cause problems in numerical simulations. Equilibrium and supply of O 2(aq) governs oxidation of Fe(II) dissolved from primary minerals to Fe(III) in the simulations, as shown in Calculations of log(K) values for dissolution of basaltic glass are based on a theoretical approach originally proposed by Paul (1977) that considers the glass to be an oxide mixture. Thus, the solubility of the material can be estimated from the ideal solid solution relation:
where x 1 and K i are the mole fractions and solubility products of the glass-constituting oxides. Table 4 shows the oxide dissolution reactions and log K i values used for calculating equilibrium constants for the basaltic glass at various temperatures. This method of estimating solubility products of borosilicate and aluminosilicate glasses has already been successfully applied by e.g. Bourcier et al. (1992) , Advocat et al. (1998) and Leturcq et al. (1999) . Techer et al. (2001) also obtained a good result using the same approach to model the dissolution of synthetic basaltic glass at 90°C.
6.2.1. Crystalline basalt -olivine, plagioclase and pyroxene Stefánsson (2001) derived the solubility constants of primary minerals of basalt in pure water in the temperature range of Table 4 Oxide dissolution reactions and equilibrium constants used for basaltic glass log K calculations at different temperatures.
Oxide
Dissolution reaction log 0-350°C at saturated water vapor pressure. The thermodynamic data used by Stefansson is consistent with the data used in this study. As Stefánsson also used the same primary species, reported log K values for olivine, plagioclase and pyroxene could be incorporated to the current dataset without further modification.
6.3. Secondary minerals 6.3.1. Silicates Gunnarsson and Arnórsson (2000) determined the solubility of amorphous silica and quartz in the temperature range of 0°to 350°C at 1 bar below 100°C and at P sat at higher temperature. They retrieved the following temperature equations describing amorphous silica and quartz solubility: where T is in K. Eqs. (8) and (9) were used for calculating equilibrium constants for amorphous silica and quartz. Gunnarsson et al. (2005) carried out magnesium silicate precipitation experiments in alkaline solutions in the temperature range of 39°t o 150°C and determined e.g. the solubility of poorly crystalline antigorite. They retrieved the following temperature equation, describing antigorite solubility:
where T is in K. Eq. (10) is valid in the temperature range of 0°to 200°C and was used for calculating equilibrium constants for antigorite dissolution. log K values for montmorillonite were taken from the EQ3/6 database (Wolery, 1992) . Equilibrium constants for other silicates were computed with SUPCRT92 using the molal properties in Table 6 . Thermodynamic data for celadonite, Fe-celadonite and kaolinite was taken from Holland and Powell (1998) but allophane and imogolite data from . Heat capacity polynomials for allophane and imogolite were not found in the literature so computed log K values cannot be extrapolated to temperature higher than 25°C. Gíslason et al. (1997) determined thermodynamic properties for end-member moganite from 25°to 200°C. Standard state enthalpy, entropy and Gibbs free energy can be found in Table 6 . The standard state molal properties of moganite and the heat capacity function for quartz (also shown in Table 6 ) were used to calculate equilibrium constants for moganite at different temperatures. Calculations were performed using SUPCRT92 and the slop98 database.
The thermodynamic properties of aqueous silica and silica polymorphs used in the current study are consistent with data published by Gunnarsson and Arnórsson (2000) , Rimstidt (1997) and Apps (1970) , which differ from the data of Helgeson et al. (1978) that is incorporated to the SUPCRT database. For consistency, SiO 2(aq) was replaced with quartz in the dissolution reactions given in Table 3 for moganite, celadonite, chlorite, kaolinite, allophane and imogolite and SUPCRT92 used along with the standard molal properties given in Table 6 for computing corresponding log K values. Resulting values were then converted to the reactions, shown in Table 3 , by adding both the reaction and log K values for the dissolution of quartz to SiO 2(aq) .
Hydroxides
Equilibrium constants for Fe(II) and Fe(III) hydroxide dissolution were taken from the EQ3/6 database (Wolery, 1992) . Standard state enthalpy, entropy and Gibbs free energy for amorphous Al hydroxide were obtained from . Heat capacity polynomials for Al hydroxide were not found in the literature. Equilibrium constants for Al hydroxide can, therefore, not be extrapolated to temperature higher than 25°C.
Carbonates
Equilibrium constants for dissolution of calcite, dolomite and magnesite were calculated with SUPCRT92 using thermodynamic data from Holland and Powell (1998 , resulting log K values were transformed to the dissolution reaction given in Table 3 by adding equilibrium reaction and corresponding log K values between CO 3 2 − and HCO 3 − . Fridriksson et al. (2001) provide reference thermodynamic data that can be used to compute log K values for stellerite and stilbite. The authors derived their data from experimental studies and field measurements of the solubility of stellerite-stilbite solid solutions in geothermal waters. Their reference data for stellerite was calculated using Gibbs free energies from Helgeson et al. (1978) for reactants and products, which differ from the reference data used in the current dataset. For consistency with the study of Fridriksson et al., SUPCRT92 was used to compute log K values for the following reactions, using the same reference data as these authors for all reactants and products: Table 5 Dissolution reactions and equilibrium constants for albite, anorthite and chalcedony used for converting SUPCRT dissolution reactions and computed log K values for analcime, laumontite, Ca-heulandite, stellerite and stilbite to the reactions shown in Table 3 . The log K values obtained with SUPCRT92 were then converted for the reactions, shown in Table 3 , expressing the full dissolution of stellerite and stilbite. In the case of stellerite, this was done by adding the reactions and log K values for albite and quartz dissolution used in the present study to Eq. (12). For stilbite, on the other hand, reactions and log K values for chalcedony, albite and stellerite were subtracted or added to Eq. (13). Log K values used for quartz are those given in Table 7 but values for albite and chalcedony are from the Yucca Mountain thermodynamic database (Spycher et al., 2007) , which is consistent with the current dataset. Albite data is based on the work of Arnórsson and Stefánsson (1999) .
Zeolites
Thermodynamic data for other zeolites than stellerite and stilbite was taken from Neuhoff (2000) . Similar approach, as described above for stellerite and stilbite, was used for computing log K values for analcime, laumontite and Ca-heulandite as Neuhoff used different reference data for obtaining thermodynamic properties for these minerals. For consistency, SUPCRT92 was thus used to compute log K values for the following reactions, using the same reference data as Neuhoff for all reactants and products:
The log K values obtained with SUPCRT92 for reactions 14-16 were then converted to the reactions shown in Table 3 that express the full dissolution of analcime, laumontite and Ca-heulandite by adding reactions and log K values for the corresponding minerals. log K values for anorthite were taken from the Yucca Mountain Table 6 Standard molar thermodynamic properties for minerals and species considered in this study. (2001) a log K values for aqueous Al species were calculated using Eq. (6). b log K values for basaltic glass were calculated using Eq. (7). c log K values for amorphous silica were calculated using Eq. (8). d log K values for antigorite were calculated using Eq. (10). e log K values from the EQ3/6 database (Wolery, 1992) . f Moganite molar volume and heat capacity function assumed to be the same as for quartz. g From Helgeson et al. (1978) . h log K values for quartz were calculated using Eq. (9). i log K values for siderite were calculated using Eq. (11).
thermodynamic database (Spycher et al., 2007) and are based on the work of Arnórsson and Stefánsson (1999) . Table 5 gives the dissolution reactions and equilibrium constants for albite, anorthite and chalcedony used for converting SUPCRT dissolution reactions and computed log K values for analcime, laumontite, Ca-heulandite, stellerite and stilbite to the reactions shown in Table 3 . Neuhoff used a method based on summation of the contributions of compositional units to thermodynamic properties for the remaining zeolites considered in this study, i.e. Ca,Na-chabazite, Naheulandite, mesolite and natrolite (see Neuhoff et al., 1999) , for further detail). For consistency, SiO 2(aq) was replaced with quartz in the dissolution reactions of these zeolites when computing log K values with SUPCRT92, and the results corrected afterwards by adding dissolution of quartz to SiO 2(aq) . Tables 6 and 7 show, respectively, standard molal thermodynamic properties for the minerals considered in this study along with their corresponding equilibrium constants at eight different temperatures (0, 25, 60, 100, 150, 200, 250 and 300°C) . The equilibrium constants presented in Table 7 can be incorporated into other thermodynamic databases without further modification, provided that the databases used are set up with respect to the basis set of aqueous species as used in this study.
Results

Database evaluation
In order to verify that the dataset presented in Tables 2-7 delivers reliable results, simulations of CO 2 -water-basalt interaction were carried out at low and elevated CO 2 conditions and compared to observed alteration in Iceland and Greenland. First, basalt alteration in the Hellisheidi CO 2 injection site in SW-Iceland was simulated. Second, elevated CO 2 -water-basalt interaction simulations were carried out in order to see if alteration assemblages observed in the basalt hosted petroleum reservoir in Marraat, W-Greenland could be regenerated.
Basalt alteration in Hellisheidi
A pilot scale CO 2 injection is ongoing in Iceland with the objective of assessing the feasibility of in situ CO 2 mineral sequestration in basaltic rocks (see e.g. Matter et al., 2008; Oelkers et al., 2008; Gíslason et al., 2010; Aradóttir et al., 2011 , for further detail). Extensive research has been conducted in order to characterize the pilot injection site at Hellisheidi with respect to stratigraphy, hydrology as well as other physical and chemical properties (e.g. Alfredsson et al., 2008; Rezvani Khalilabad et al., 2008; Gíslason et al., 2010; Helgadóttir et al., 2010; Aradóttir et al., 2011; Níelsson, 2011) . Near horizontal sequences of basalt lavas and basaltic glass formations govern the bedrock. Common alteration minerals in the low-temperature region Table 7 Equilibrium solubility constants for the dissociation reactions of minerals and aqueous species considered in this study. (T b 100°C) include clay minerals, calcite and zeolites. At higher temperature, pyrite, quartz, epidote and prehnite become abundant. The horizontal zeolite zones so commonly found in Iceland and initially described by Walker (1960) are clearly detectable at Hellisheidi. Fig. 1 gives a simplified view of the alteration zones along with their approximate depth and temperature range.
Simulations
A series of batch simulations involving low pCO 2 water-basalt interactions were carried out in the temperature and pressure range corresponding to conditions between 200 and 1000 m depth below surface in Hellisheidi (i.e. between 5 and 120°C and 10-110 bar, respectively). Initial water composition was that of the shallow well HK-21 in Hellisheidi. The water is of non-geothermal origin and only a few years old (Árnason et al., 1969) . Basaltic glass, plagioclase, olivine and pyroxene were used as primary minerals in the batch simulations. Initial water and bedrock compositions are given in Table 8 . All secondary minerals in the dataset presented in Tables 2, 3 , 6 and 7 were compiled as potential alteration minerals in the simulations, which were run for up to 10,000 years using the TOUGHREACT simulator. Equilibrium and supply of O 2(aq) governs oxidation of Fe(II) dissolved from primary minerals to Fe(III) in the simulations, as shown in Table 3 .
In order to see what effect elevated CO 2 conditions have on basalt alteration, simulations were also carried out with pCO 2 as high as 40 bar and results compared to the basalt alteration in Marraat, W-Greenland, reported by Rogers et al. (2006) and described in Section 2. Primary rock composition was assumed to be the same as in Hellisheidi as corresponding data from Greenland was lacking.
Initial water composition was also assumed to be the same as that given in Table 8 , except that CO 2 (DIC) concentrations equaled Henry's law saturation at 10, 20, 30 and 40 bar CO 2 pressure. Simulations carried out did thus only involve single phase conditions.
Results
Fig . 2 shows comparison of observed and simulated alteration mineralogy in Hellisheidi. Overall there is good agreement between simulated alteration and alteration observed in the field. Results for clay minerals, simple oxides and hydroxides, calcite and SiO 2(s) are in good agreement with field observations and same goes for chabazite, mesolite, laumontite, heulandite and stilbite-stellerite. Analcime is observed in Hellisheidi between 400 and 800 m depth but does not form in simulations as dissolved Na appears to preferably go into stilbite-stellerite, most likely due to more flexibility in the solid solution compared to the fixed analcime composition. Upon removal of stellerite-stilbite from potential alteration minerals, analcime formed instead.
Elevating CO 2 concentrations of initial water in the batch series simulations completely changed the picture shown in Fig. 2 . At elevated CO 2 conditions, substantial formation of quartz, moganite and/or amorphous SiO 2 inhibits the uptake of Ca, Mg and Fe into zeolites and clay minerals. As a result, the clays and zeolites shown in Fig. 2 are replaced by magnesite, siderite, dolomite and also calcite at temperature above 50°C. Al is removed into hydroxides and simple aluminum silicates. These results are in good agreement with reports from Marraat in Greenland, which are summarized in Table 1 . In Marraat, migration of petroleum into altered basalt led to the pseudomorphic replacement of zeolite and clay mineral assemblages with carbonates and quartz. Magnesite-siderite solid solutions and dolomite predominantly formed at Marraat but at later stages, also calcite. Simulated basalt alteration under elevated CO 2 conditions are also in good agreement with batch experiments carried out by Gysi (2011) aimed at studying basaltic glass alteration under elevated CO 2 pressures (7-24 bar) and hydrothermal conditions (75-250°C). Between 75 and 150°C, alteration minerals mainly consisted of Ca-Mg-Fe carbonate solid solutions and SiO 2 minerals. The mineral assemblage observed in the experiments thus compares nicely with the assemblage predicted by the batch simulations. Fig. 3 compares the simulations carried out to natural observations in Greenland and experiments carried out by Gysi (2011) . Larger uncertainties are associated with natural pressure and temperature conditions in Fig. 3 than the data shown in Fig. 2 . Fig. 3 nevertheless shows good conformity between the overall alteration mineral assemblages observed in Greenland, laboratory experiments and simulations carried out in this study. 
Discussion
The batch simulations described above were carried out in order to evaluate how well the developed dataset was able to reproduce alterations close to what is observed in nature. Match between modeled and natural alterations was good for both low and elevated CO 2 conditions, which implies that the dataset should be well suited for geochemical simulations of CO 2 mineral sequestration in basalts as well as other CO 2 -water-basalt interaction processes. Data from natural analogs of basalt alteration under low CO 2 conditions was abundant, e.g. due to extensive studies of well drill cuttings in Iceland, whereas data from natural analogs of basalt alteration under elevated conditions was not as comprehensive. Consequently, it was not possible to compare modeled and observed basalt alteration at elevated CO 2 conditions in as much detail as at low CO 2 conditions. Looking forward, it is of great importance to acquire more detailed laboratory and field data on water-basalt interaction under elevated CO 2 conditions as that would allow for a more detailed fine-tuning of thermodynamic databases.
The thermodynamic dataset presented in this contribution provides data at 1 bar pressure up to 100°C, and along the boiling curve of water at higher temperature. The simulations carried out, however, involve pressure above 1 bar at temperature below 100°C, which introduces some uncertainties into simulation results. Millero (1982) studied the effect of pressure on the solubility of minerals in water and seawater and showed that between 10 and 100 bar, pressure changes only had a very slight effect on silicate solubility and only a small effect on calcite solubility. At the maximum pressure of 100 bar, the increase in calcite solubility in freshwater and seawater was estimated to be around 0.2 to 0.25 at 25°C (see Figs. 5 and 6 in Millero, 1982) . This translates into a difference of less than 0.11 in the log K solubility of calcite, which is likely to be within the uncertainty in the calcite solubility, given that there are numerous substituting cations in calcite (such as Mg and Sr) that reduce the solubility of calcite but are not taken into account in the thermodynamic description of calcite. According to the results of Millero (1982) , uncertainties associated with applying the developed dataset in simulations involving pressure above 1 bar at temperature below 100°C, should therefore be small. This study considered plagioclase, pyroxene, olivine and basaltic glass as primary phases in basalt. Fe-Ti oxides (titanomagnetite and ilmenite) and apatite were thus omitted. This was done in view of the necessity of constraining and simplifying the simulated system. Multidimensional field scale reactive transport simulations of CO 2 mineral sequestration in basalts are extremely computationally demanding and it is, therefore, important to limit the number of species and minerals included in the models. Fe-Ti oxides and apatite have been reported to be of low abundance (see e.g. Gudbrandsson et al., 2011) and low reactivity (Arnórsson et al., 2002) in Icelandic basalts. Arnórsson et al. (2002) studied primary mineral saturation in basalt hosted groundwaters in N-Iceland and showed that the waters were under-saturated with respect to plagioclase and olivine and close to saturation with augite, while being over-saturated with titanomagnetite at temperature below 70°C and highly over-saturated with respect to apatite. In view of this, it was found satisfactory to only consider plagioclase, pyroxene, Fig. 2 . Comparison between observed and simulated basalt alteration under low CO 2 conditions in Hellisheidi. Observed alteration is mainly based on drill cuttings from several wells in the area. Calcium carbonate is either found as calcite or aragonite in Hellisheidi and silicon dioxide as quartz, chalcedony or SiO 2(am) . Thomsonite, scolecite and mordenite were not compiled as potential secondary minerals as the published thermodynamic data for these zeolites resulted in unrealistic results (see text). olivine and basaltic glass as primary phases of basalts in Iceland. Stefánsson (2001) has estimated the mineral solubility of various apatite and Fe-Ti oxide end-members and the resulting values can be included in the current dataset without modification. Adding these minerals to future simulations would therefore not require much additional work, only faster geochemical simulators for the simulations to be practical.
Ferric iron can account for a significant amount of iron in basaltic glass (e.g. Oelkers and Gíslason, 2001) . Using both iron oxidation states as primary species in reactive transport simulations is a challenging task due to limited knowledge on kinetics between the two oxidation states. Ferric iron was, therefore, stoichiometrically replaced with ferrous iron in the basaltic glass considered in this study. As Fe(II) is released during simulated dissolution, equilibrium and supply of O 2(aq) governs oxidation of Fe(II) to Fe(III), as shown in Table 3 . Experimental data on the kinetics of redox reactions between Fe(II) and Fe(III) are needed in order to improve numerical models with respect to iron.
In addition to the 10 zeolites found in the dataset, gismondine, levyne, phillipsite, scolecite, mordenite and thomsonite are also common secondary minerals in basalt. These zeolites are, however, not considered here for the following reasons. Epistilbite, gismondine and levyne were omitted as thermodynamic data for these zeolites was not found in the literature. The published thermodynamic data found for phillipsite (from the EQ3/6 database, Wolery, 1992) , scolecite, mordenite and thomsonite (from Neuhoff et al., 1999) gave unrealistic results in simulations of CO 2 -water-basalt interaction. When these particular zeolites were included in geochemical simulations they precipitated in such immense quantities that all other alteration reactions became derailed and simulation results were unrealistic. This could have been the result of uncertainties or errors in the published thermodynamic data or due to the non-ideality Fridriksson et al., 2003a,b; Neuhoff et al., 2003) and cation exchange mechanisms observed in zeolites (Fridriksson et al., 2004) , both of which current reaction path and reactive transport models are not capable of simulating. Consequently, phillipsite, scolecite, mordenite and thomsonite had to be omitted from this study. It would be of great importance for numerical modeling of CO 2 mineral sequestration in basalts if the solubility constants of these zeolites could be re-evaluated in laboratory experiments in the near future.
Simulations described in this paper were aimed at evaluating how well the developed dataset was able to capture basalt observations in natural analogs of water-basalt interaction under low and elevated CO 2 conditions. Simulations, thus, mainly treated mineral dissolution and precipitation as a purely equilibrium problem. Equivalent simulations were carried out using reaction kinetics to estimate how sensitive modeled alteration mineralogy was to kinetic control of reaction. Mineral dissolution in the sensitivity simulations was described through a pH dependent rate law using predominantly rate law equations from (Palandri and Kharaka (2004) . Alteration mineral assemblage was not affected by incorporating reaction kinetics into batch simulations. However, relative abundance of individual alteration minerals was affected. Compilation of the dataset discussed in this paper is a part of modeling activities carried out with the objective of developing multidimensional field scale reactive transport models of CO 2 mineral sequestration in Icelandic basalts, as has already been mentioned. Developed models all consider reactions kinetics as is described in detail in Aradóttir (2011) .
Conclusions
Compilation and evaluation of a thermodynamic database is a tedious and time-consuming process. It is nonetheless a necessary step of all modeling work, as widely used databases that are included in geochemical software packages not always contain minerals or thermodynamic data suitable for geochemical simulations of a particular problem or process, as e.g. discovered in this study. We have developed a thermodynamic dataset describing 36 mineral reactions of interest for CO 2 -water-basalt interaction. Mineral selection for the dataset is based on extensive review of natural analogs of waterbasalt interaction at low and elevated CO 2 conditions. In order to verify that the dataset delivers reliable results, simulations of CO 2 -water-basalt interaction were carried out at low and elevated CO 2 conditions and results compared to observed alteration in Iceland and Greenland. Overall good agreement is observed between simulated and natural alteration both at low and elevated CO 2 conditions, suggesting that the dataset is well suited for simulating CO 2 mineral sequestration in basalts as well as other processes applicable to CO 2 -water-basalt interaction.
The presented dataset, like all other databases, should be thought of as being a work in progress rather than a completed task. Looking forward it is of great importance to acquire more detailed laboratory and field data on water-basalt interaction under elevated CO 2 conditions as that would allow for further fine-tuning of the database. It would also be of great importance to measure and/or re-evaluate the solubility constants of the zeolites that had to be omitted in the Fig. 3 . Comparison between simulations, natural observations and laboratory experiments of basalt alteration under elevated CO 2 conditions. Formation of quartz, moganite and/or amorphous SiO 2 inhibits the uptake of Ca, Mg and Fe into zeolites and clay minerals, which facilitates the formation of calcite, dolomite and magnesite-siderite. Al is removed into hydroxides and simple aluminum silicates. Larger uncertainties are associated with natural temperature (and pressure) conditions than in Fig. 2 , which complicates comparison with alteration as a function of temperature. Good agreement does however exist between overall alteration mineral assemblages observed in Greenland, laboratory experiments and simulations carried out in this study. current version of the database, particularly for thomsonite and scolecite.
